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Abstract 

Pb doping efTect in the Bi 2 Sr 2 Ca 2 Cu 30 io compound (Bi2223) on the 
structural and electronic properties were investigated, using the Local 
Density (LDA) and Virtual Crystal (VGA) approximations within the 
framework of the Density Functional Theory (DFT), taking as reference 
the procedure implemented by H.Lin et al. in the Bi2212 compound [Phys. 
Rev. Lett. 96 (2006) 097001]. Results show that, the incorporation of 
Pb-dopant in Bi2223 lead a rigid displacement of the Bi/Pb-O bands to¬ 
ward higher energies, with a null contribution at the Fermi level, around 
the high symmetry point M in the irreducible Brillouin zone, for Pb dop¬ 
ing concentration equal to or more than 26%, avoiding the presence of 
the so-called Bi-0 pockets in the Fermi surface, in good agreement with 
angle-resolved photoemission spectroscopy (ARPES) and nuclear mag¬ 
netic resonance (NMR) experiments, although a slight metallic character 
of the Bi-O bonds is still observed which would disagree with some exper¬ 
imental reports. The calculations show that the changes on the structural 
properties are associated to the presence or absence of the Bi-O pockets 
in the Fermi surface. 

Keywords: Bi2223; Electronic structure; Band structure; Fermi surface; 
Virtual crystal approximation. 
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1 Introduction 


The Bi 2 Sr 2 Ca 2 Cu 30 io compound (Bi2223) is a high-temperature superconduc¬ 
tor of the cuprate bismuth family with general formula Bi 2 Sr 2 Ca„_iCu„Oio, 
which differ by the number of Cu02 planes per unit cell. Resistivity, suscepti¬ 
bility and magnetization experimental measurements in the Bi2223 compound 
(n = 3) show a transition to the superconducting state at ^ 110 K [TJ [5]. In 
despite of the fact that this compound has a very high viability for its use in 
industrial and technological applications 13 IS E], we found surprisingly few 
theoretical reports. 

In a previous work [5] we calculated the electronic properties of Bi2223 with 
tetragonal phase (I4/mmm), where the presence of electronic states associated 
with the Bi-0 planes at the Fermi level (Ep) was evident. These are observed in 
the Fermi surface (FS) as small closed surfaces around the anti-nodal point M 
in the irreducible first Brillouin zone (IZB), in disagreement with experimental 
reports [7]. This issue is known as the Bi-0 pockets problem and has been 
present in the literature since long ago Uni [HI El El in ESI- 

We have shown in a later work m, that small changes in the position of 
the oxygen atom associated with the Sr plane in Bi2223, induce a quasi-rigid 
displacement of the Bi-0 bands towards higher energies avoiding its contribution 
at Ep offering a solution to the Bi pockets problem in theoretical calculations. 
It is necessary to validate experimentally these atomic positions. 

Previously, H.Lin et al. showed that in the Bi2Sr2CaiCui08 compound 
(Bi2221) the Bi-0 bands are lifted above Ep when Pb-dopand is incorporated 
in concentrations greater than 22%, avoiding the Bi-0 pockets HE]. In that 
paper the authors state that this procedure has the same effect on the electronic 
properties of Bi2201 and Bi2223 compounds but without proof. 

In this paper, we present a study of Pb doping effects on the structural 
and electronic properties of (Bii_a;Pba;) 2 Sr 2 Ca 2 Cu 30 io for 0 < x > 0.35, using 
the ab initio virtual crystal approximation. We found that the Bi-0 pockets 
disappear from the FS at a specihc Pb doping, although a slight metallic char¬ 
acter of the Bi-0 bonds remains which would disagree with some experimental 
observations as we mentioned before. 


2 Method of Calculation 

The calculations were done using the full-potential linearized augmented plane 
wave method plus local orbital (FLAPW-l-lo) El] within the local density ap¬ 
proximation (LDA), using the wien2k code EHj- We used a plane-wave cutoff at 
RmtKmax = 8.0 and for the wave function expansion inside the atomic spheres, 
a maximum value for the angular momentum of Imax = 12 with Gmax = 20. 
We choose a 14 x 14 x 14 k-space grid which contains 288 points within the IBZ. 
The muffin-tin sphere radii Rmt (in atomic units) were chosen to be 2.3 for Bi, 
2.0 for Sr, 1.9 for both Ca and Cu, and 1.5 for O. 

Pb substitution by Bi atoms was considered within the framework of the 
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virtual crystal approximation (VGA), where the Bi nuclear charge Z is replaced 
by the average of the Bi and Pb charge of what may be thought as an “effective” 
Bi/Pb atom [8]. For this system it was found that the effective disorder param¬ 
eter for the Bi-0 states is A/bF ~ 0.33, where A is the splitting of the Bi-0 
and Pb-0 bands in Bi2223 and Pb2223, respectively and W the bandwidth, 
thus ensuring that the system is far from being in the split-band limit liisiiin], 
confirming that the VGA is a good approximation in this case. 

3 Results and discussion 

3.1 Structural properties 

We studied the Pb doping effects on the structural properties of Bi2223 with a 
body-centered tetragonal structure (bet) and space group I4/mmm (-DH)- The 
structure consists of three Gu-0 planes, one Gul-01 plane between two Gu2-02 
planes, with Ga atoms between them. Each Gu2-02 plane is followed by a Sr-03 
and Bi-04 planes in that order. 

Table 1: Optimized lattice parameters and atomic coordinates relaxed for 
(Bii_a;Pba;) 2 Sr 2 Ga 2 Gu 30 io with body-centered tetragonal structure and space 
group I4/mmm, for Pb concentrations of a; = 0.0, 0.2, 0.25, 0.26, 0.3 and 0.35. 
The experimental values were taken from ref. |20j . 


Parameter 



Lattice parameters in A 



Expt. 

0.0 

0.20 

0.25 

0.26 

0.30 

0.35 

a 

3.823(9) 

3.8060 

3.8058 

3.8078 

3.8080 

3.8084 

3.80787 

c 

37.074(5) 

37.407 

37.409 

37.372 

37.369 

37.358 

37.3692 

c/a 

9.6976(2) 

9.8284 

9.8294 

9.8146 

9.8134 

9.8094 

9.8137 




Atomic coordinates 



Atom 

Expt. 

0.0 

0.20 

0.25 

0.26 

0.30 

0.35 

Bi(l —a;) P ba; 

0,2109(6) 

0,2018 

0,2034 

0,2033 

0.2035 

0,2035 

0,2031 

Sr 

0,3557(2) 

0,3709 

0,3693 

0,3694 

0.3685 

0,3687 

0,3689 

Ga 

0,4553(8) 

0,4581 

0,4576 

0,4576 

0.4572 

0,4574 

0,4575 

Gul 

0,0000 

0,0000 

0,0000 

0,0000 

0.0000 

0,0000 

0,0000 

Gu2 

0,0976(4) 

0,0823 

0,0833 

0,0832 

0.0840 

0,0837 

0,0836 

01 

0,0000 

0,0000 

0,0000 

0,0000 

0.0000 

0,0000 

0,0000 

02 

0,0964(2) 

0,0828 

0,0834 

0,0832 

0.0835 

0,0831 

0,0830 

03 

0,1454(4) 

0,1477 

0,1489 

0,1488 

0.1490 

0,1486 

0,1482 

04 

0,2890(2) 

0,2996 

0,2992 

0,2995 

0.2992 

0,2998 

0,3002 


Starting from the experimental parameters taken from reference |20j . the 
c/a ratio was optimized by minimizing the total energy at a constant volume. 
Also the atomic coordinates were relaxed by minimizing the total force for each 
Pb concentration. 
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In Table the values of the lattice parameters and the atomic coordinates 
obtained in this work are reported. In all cases, the c and a lattice parameters 
calculated show differences below 1% with respect to the reported experimental 
values. As a general behaviour it is observed that the calculated values of c are 
always overestimated while those of a are underestimated as compared to the 
experimental data. 

When the atomic coordinates are relaxed as a function of Pb concentration 
(see table [^, a very sharp discontinuity in the value of the internal coordinates 
appears around x ^ 0255 dividing therefore the pb doping effect on the structure 
into two distinct regions as it can be observed in Fig. [^for the atoms Cu2 and 
03. 

It is found that the greater discontinuity occurs in the Cu2, which is in¬ 
terpreted as an important decrease in the internal parameter of Cul with Pb 
concentration (see Fig. 03 has a similar behaviour, its proximity to Cu2 is 
enhanced for Pb concentrations greater than x = 0.25. The decrease in the Cu2- 
03 distance has important effects on the electronic properties of Bi2223 [T5] . 



03 

Cu2 

Cul 

c) 


Figure 1: (Color online) Pb doping effects on the atomic coordinates of a) Cu2 
and b) 03 in the Bi 2 Sr 2 Ca 2 Cu 30 io compound, c) Schematic positions of Cul, 
Cu2 and 03 in the structure. 


We show in Fig. [^the effects of Pb doping on the Cu2-03 relative distance 
(dcu 2 - 03 /c). Initially, doping induces a progressive increase of the Cu2-03 
distance.This behaviour changes completely for Pb concentrations greater than 
0.25. For a Pb concentration of 0.26, i.e., Pb doping of 26%, the Cu2-03 
distance is 2.43 A, which is 0.6 to 0.8 A greater than the experimental values 
reported [Ml HU [531 [5S] . The difference with experiment is clear. 

In Figs. [T] and [^two regions are distinguished, the gray region represent the 
presence of Bi-0 pockets in the FS and the white area indicates the absence of 
them. In these regions the behaviour of the structural properties clearly shows 
notable differences associated to the presence (or absence) of the Bi-0 pockets. 
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Figure 2: (Color online) Pb doping effects on the Cu2-03 distance (dcu 2 - 03 /c) 
in the Bi 2 Sr 2 Ca 2 Cu 30 io compound. 


3.2 Electronic properties 

The electronic properties of Pb-free and Pb-doped Bi2223 are different in three 
regions. In the first, Pb-free Bi2223 shows the presence of Bi-0 pockets in the FS 
due to the interaction between Cu-0 and Bi-04 planes by the mediation of 03, 
in total disagreement with the experimental reports [7]. In the second, the Pb 
substitution (20-25 %) on the Bi sites in Bi2223 produces a significant reduction 
in the interaction between Cu-0 and Bi-04 planes but still the contribution of 
the Bi/Pb-0 states at Ep around point M remains. The third one, containing 
26% Pb or more, shows an almost null interaction between the Cu-0 and Bi-04 
planes and, consequently, the contribution of the Bi-0 states at Ep is minimal 
and the Bi-0 pockets are not observed on the FS. The band structures of Pb-free 
and Pb-doped Bi2223 with Pb concentration of x = 0.0 (Undoped), 0.25 (25% 
Pb) and 0.26 (26% Pb) are shown in Fig. 

For Pb-free Bi2223, see Fig. [^a), partially filled Bi-0 bands around the 
anti-nodal point M were observed which hybridize with the Cu-0 bands. Notice 
the metallic character of the Bi-0 plane and the presence of Bi-0 pockets in 
the FS, in disagreement with experimental reports [7]. A detailed analysis of 
this band structure can be found in the Ref. i- The Fig. [^b) shows the band 
structure of Bi2223 when the 20% of Bi is replaced by Pb (x = 0.20). A rigid 
displacement of the Bi/Pb-0 bands toward higher energies is observed. These 
bands are partially filled and contribute at Ep. The hybridization with the 
Cu-0 bands is apparently null. The extended van Hove singularities (VHSs) 
appear at binding energies of -0.35 and -0.15 eV. 

When Pb concentration is equal to or greater than 26% (x = 0.26), see 
Fig-i c), the empty Bi/Pb-0 bands are lifted rigidly above Ep with no contri¬ 
bution at Ep around the point M solving apparently the Bi-0 pockets problem. 
The Cu-0 bands do not suffer any significant effect due to Pb doping keeping 
the reported characteristic behaviour of cuprates. An identical result (Fig. ic)) 
was reported in a previous paper |16j where without Pb doping with a simple 
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a) 


Undoped 




C) 


26% Pb 



Figure 3: (Color online) Pb doping effects on the band structure of the 
Bi 2 Sr 2 Ca 2 Cu 30 io compound for the Pb concentration of a) 0.0 (Undoped), 
b) 0.2 (20% Pb) and c) 0.26 (26% Pb). The blue, red and green lines repre¬ 
sent the Bi p, Cu2 d and Cul d states respectively. The hybridized states from 
these bands are represented by their respective color mixture and the black line 
represents the other states. 


displacement of the 03 atom instead towards the Bi one (away from Cu2), the 
same movement of the Bi-0 bands was induced avoiding completely its contribu¬ 
tion at Ep. This atomic displacement avoided the charge transfer between Cu2 
and Bi through 03, eliminating the metallic character of Bi-04 plane. As men¬ 
tioned before,the presence of the Bi-0 pockets are associated to the interaction 
between Cu-0 and Bi-0 planes. The presence of Pb in Bi2223 using the VGA, 
can be interpreted as a reduction of electric charge in the Bi that avoids the 
presence of possible electronic states that participate in Cu2-03-Bi-interaction, 
which filled the Bi-0 band. 

Fig. I shows the calculated FS for Pb-doped Bi2223 at 26% compared to 
the experimental FS reported by Ideta et al. which was measured in the nodal 
direction by angle-resolved photoemission spectroscopy (ARPES) [7]. This ex¬ 
periment revealed the presence of two surfaces which were assigned to the outer 
copper Cu2-02 planes (OP) and to the inner copper Cul-01 plane (IP). 

The calculated FS (see Fig. [^a)) shows three concentric closed surfaces 
around point X of the IBZ, without the presence of so-called Bi-0 pockets around 
the M point. Two of this surfaces show quasi-degeneration in the nodal direction 
which are associated with Cu2-02 (OP) planes, while the other surface come 
from the Cul-01 plane (IP). These results show a very good agreement with 
experiment [7] (see Fig.|^, as well as with studies of nuclear magnetic resonance 
(NMR) where it was reported that the hole concentration of OP is larger than 

IP [271 Eg. 
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Figure 4: (Color online) a) The Fermi Surface (FS) at kz =0 of 
Bi 2 Sr 2 Ca 2 Cu 30 io compound in an extended zone scheme, for Pb concentration 
of 26% {x = 0.26). b) The experimental FS reported by Ideta et al. measured in 
the nodal direction by angle-resolved photoemission spectroscopy (ARPES) [7], 
compared with our results (red dashed line). 



Figure 5: (Color online) Pb doping effects on the total density of states (DOS) 
in the Bi 2 Sr 2 Ca 2 Cu 30 io compound, for Pb concentrations of a) 0.0 (Undoped), 
b) 0.2 (20% Pb) and c) 0.26 (26% Pb). 


The Pb doping effects on the total density of states (DOS) in Bi2223 are 
presented in the Fig. These DOS show that the Ep falls in a region of low 
DOS, a typical behaviour of these Cu-0 based superconductors. As a general 
behaviour, Pb doping induces a displacement towards higher energies in the 
DOS, which leads to changes in the contribution of the electronic states at Ep. 

The Fig. shows that the DOS at Ep, N{Ep), decreases as Pb doping 


7 









































increases in Bi2223. The extended van Hove singularities (VHSs) appear at 
binding energies of -0.35 and -0.15 eV, respectively, which play an important 
role in the physics of high-temperature superconductors [29] . 

The ISl(Ep) in the Pb-free Bi2223 is 3.27 states/(eV cell) which has contri¬ 
butions from Cu-0 and Bi-0 planes, mainly of Cu dx2_y2-0 y Bi Px,y-03 
Px,y-04 px,y states, showing the metallic character of Bi-0 plane. The contri¬ 
bution of the Bi-0 states at Ep (Bi-0 pockets) is due to the interaction between 
Cu-0 and Bi-0 planes, as shown in the hybridization of their respective energy 
bands, see Figure]^ a). This l>t{EF) also has a small contribution of Cu dz2-0 
Pz and Bi Pz-03 Pz-04 pz states. 



Figure 6: (Color online) Pb doping effects on the total density of states (DOS) 
around Ep in the Bi 2 Sr 2 Ca 2 Cu 30 io compound, for Pb concentrations of a) 0.0 
(Undoped), b) 0.2 (20% Pb) and c) 0.26 (26% Pb). Arrows indicate two peaks 
at binding energies of -0.35 and -0.15 which are associated with the extended 
van Hove singularities. 


At 20% Pb, the contribution of the Cu-0 and Bi-0 planes at Ep decreases 
to 7% and 56% respectively, i.e., the interaction between Cu-0 and Bi-0 states 
decreases significantly. The Bi Px,y-03 Px,y-04: px^y states are the ones that 
decrease the most their contribution at Ep which becomes 2.81 states/(eV cell) 
meanwhile Bi p2-03 Pz-04 pz states are not affected by the presence of Pb in 
the structure. With increasing Pb doping up to 25% the electronic properties 
show no significant changes. 

Further, the N(Uf) is 2.49 states/(eV cell) when Pb doping is 26%; the 
contribution at Ep of Bi Px,y-Oi Px^y-04 px^y states is almost null, although a 
contribution of Bi Pz-03 Pz-OApz states is observed, representing a little more 
than 1% of the total contribution at Ep, which can be interpreted as a slight 
metallic character of Bi-0 plane. For 26% Pb doping, this metallic character 
is maintained. The presence of these Bi-0 states comes from the energy bands 
that intersect at Ep in the M-X direction, see Fig. [^c). 

The charge density calculated on (100) and (110) high-symmetry planes in 
the 26% Pb-doped Bi2223 presented in Fig. [^reflects the strong ionic nature of 












( 100 ) 


( 110 ) 


Figure 7: (Color online) Contours of constant values of the logarithm of the va¬ 
lence density of 26% Pb-doped Bi2223, in two high-symmetry planes as labeled, 
obtained with XCrySDen program m- Scale units of eja.u?. 


Bi/Pb atoms, as the ionic character of Sr and Ca. 

The charge density between Cul(2) and 01(2) reveals a strong metallic 
character, typical of this cuprates. There are regions of small charge density in 
the order of 1.6to 3.3 ejav?, between (Bi/Pb)-03-Cu2 and (Bi/Pb)-04 
bonds representing a slight metallic character in these directions. 

Experimental results using scanning tunneling microscopy (STM), show that 
the Bi-0 planes are non-metallic in Bi2212 [STJ [311 [S3]- To the best of our 
knowledge there are no experiments that define the metallic or non-metallic 
character of the Bi-0 planes in Bi-2223, except for the report presented by K. 
Asokan et al. that using X-ray absorption near edge structure (XANES), show 
a metallic character of Bi-0 planes for Bi-2223 and Bi-2212 [33]. tThe last one 
is in disagreement with the previous works just mentioned. However, the nature 
of Bi-0 planes character for Bi-2223 needs to be tested with more experiments. 
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We reproduce the calculations reported by H. Lin et al. [3] and effectively 
it was found that for Pb doping concentration equal to or more than 22% the 
Bi-0 bands move toward higher energies avoiding its contribution at Ep on the 
point M (no Bi-0 pockets in FS). Although it was also found in this case that, 
as in Bi2223, a slightly metallic character in the Bi-0 bonds due to contribu¬ 
tion of Bi-0 states at Ep on M-X direction is observed, in disagreement with 
the Bi2212 experimental reports. Thus, Pb doping in Bi2212 and Bi2223 struc¬ 
tures certainly avoids the presence of the pockets at FS, although the metallic 
character of the Bi-o planes remains. 

4 Conclusions 

In this paper, we presented a study of Pb doping effects on the structural and 
electronic properties of (Bii_a;Pba,) 2 Sr 2 Ca 2 Cu 30 io for 0 < a; > 0.35, using the 
Local Density (LDA) and Virtual Crystal (VGA) approximations within the 
framework of the Density Functional Theory (DFT) with the Wien2k code, 
taking as reference the method applied in Bi2212 by H.Lin et al. to study 
of Bi2223. 

Our results show significant changes in Bi2223 structural properties when 
Pb is incorporated as a dopant. These changes are associated to the presence 
or absence of the Bi-0 pockets at the Fermi surface (FS). The most relevant 
feature is observed in Cu2-03 distance, which becomes lower when the Bi-0 
pockets disappear from the FS. Although differences between experimental pa¬ 
rameters, a and c, and the calculated ones are not greater than 1%, appreciable 
discrepancies in the interatomic distances are observed, as in the case of the 
Cu2-03 distance which is 0.6 to 0.8 A greater than the experimental values 
reported. 

It was observed, as a general that Pb doping in Bi2223 lead a rigid displace¬ 
ment of the Bi/Pb-0 bands toward higher energies with a null contribution at 
the Fermi level in the high symmetry point M of IBZ for Pb doping concen¬ 
tration equal to or more than 26%. This displacement, avoids the presence of 
the so-called Bi-0 pockets at the FS, in good agreement with angle-resolved 
photoemission spectroscopy (ARPES) and nuclear magnetic resonance (NMR) 
experiments. A slightly metallic character of the Bi-0 planes still remains due 
to the contribution of the Bi p^ -03 Pz -04p^ states at Ep in the M-X direction. 
The Cu-0 bands do not suffer any significant effect due to Pb doping, keeping 
the reported characteristic behaviour of the cuprates. 

The metallic character of the Bi-0 bonds is also observed in Bi22I2. this 
result disagree with some experimental reports. Thus, the absence of the Bi-0 
pockets does not guarantee the non-metallic character of the Bi-0 planes in 
either Bi2212 or Bi2223 compounds. 
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